ABSTRACT With the application of energy storage systems in photovoltaic power generation, the selection and optimal capacity configuration of energy storage batteries at photovoltaic-energy storage stations (PESS) are becoming more and more important. Aiming at the overall economics of the PESS in the scenario of tracking the planning output, a capacity configuration and economic evaluation method of the PESS based on game theory and analytic hierarchy process (AHP) is proposed. Taking the minimum discarded photovoltaic power and the maximum net income of the PESS as objective functions, a comprehensive model of the PESS is built according to the historical data of the PESS. Combined with the characteristics of different electrochemical energy storage batteries, the relationships among the net income of the PESS, the depths of discharge (DODs) and the capacity of the energy storage batteries are analyzed. When the amount of the discarded photovoltaic power is zero, a selection and capacity configuration model of the energy storage batteries based on game theory is established, and the firefly algorithm (FA) is adopted to solve the model. Starting from the comprehensive evaluation indexes of the PESS, the hierarchical analysis structure under different energy storage schemes is discussed, and the AHP is employed to realize the overall economic evaluation of the PESS, in which the weight of the evaluation indexes in different energy storage schemes is calculated by the entropy weight method. The effectiveness and correctness of the proposed method are verified through the simulation analysis of the actual operation data of a certain PESS in China. The simulation results show that the selection and optimal capacity configuration of the energy storage batteries have an important impact on the overall economics of the PESS, and the overall economics of the PESS obtained by three types of electrochemical energy storage batteries is the highest income of 249.5 Million $, which can provide a theoretical basis for the planning of the PESS and has certain engineering application prospects.
mainly focuses on control strategy, capacity configuration and economic evaluation. In [5] , a configuration method for the optimal capacity of the hybrid energy storage system based on improved Hilbert-Huang transform is proposed to improve the consumption capacity of the distributed photovoltaic power generation. In [6] , the joint operation mode of the PESS and the control strategy of tracking planning output were studied. This paper pointed out that the PESS is one of the main ways to solve the consumption problem of large-scale photovoltaic power generation. In [7] , a cost economic function of the PESS aiming to smooth the fluctuation of the photovoltaic output power is given, and the capacity of the energy storage system is reasonably configured to ensure the economic operation of the PESS. In [8] , a new chargedischarge scheduling algorithm based on convex optimization for distributed PESS was proposed, the daily convex optimization-based charge-discharge schedules can reduce the peak net demand of the customer, power fluctuations and customer dependence on the grid. In [9] , a mathematical model of the PESS in the United States was developed to calculate the simple payback period of the PESS in different locations according to the local incentive policies. In [10] , an optimal capacity configuration method of the energy storage batteries used in the grid-connected PESS considering the battery aging was discussed, in which the sizing optimization of the energy storage batteries in the PESS highly depends on the electricity rate and the aging cost of the batteries. In [11] , a novel method has been designed to obtain the optimum energy storage systems for end users' applications. The performance and economic benefits of lead acid and lithium ion batteries were compared and the subsidy was needed.
The above papers have not considered the relationship between the net incomes of the PESS and the amount of discarded photovoltaic power, the DODs of the energy storage system, and the characteristics of multi-type energy storage batteries in the capacity configuration of the PESS. As a commonly used comprehensive evaluation method, AHP is widely used in engineering practice. In [12] , the scale calculation method of different energy storage devices under technical economic indexes was presented, and the mathematical model of comprehensive evaluation indexes based on AHP is established. The effectiveness and feasibility of the proposed model were verified by an example simulation. In [13] , a selection method of energy storage systems based on the interval AHP is proposed. The weight of decision indicators in the first layer is determined by the experience of experts and the weight of the indexes in the second layer is determined by the entropy method. The optimal selection of energy storage systems is realized. In [14] , a parameter optimization method of the controllers for the energy storage system based on AHP and genetic algorithm is proposed to ensure that the controllers can better participate in the frequency modulation. In [15] , a comprehensive evaluation method of the sustainable development capability for the smart distribution network based on fuzzy theory, entropy weight method and AHP were used to determine the weight coefficients. The scores of the evaluation indexes of the smart distribution network were obtained by fuzzy theory. In [16] , a multi-model comprehensive evaluation algorithm based on AHP and improved approximation ideal solution was proposed. Aiming at the subjective problem of the matrix weight in the AHP, the variation coefficient method was introduced to calculate the objective weight.
Game theory is the study of mathematical models of conflict and cooperation among intelligent rational decisionmakers, which is mainly used in economics, political science, and psychology, as well as logic, computer science, biology and poker. Game theory is divided into two branches, called the non-cooperative and cooperative model. The cooperative theory abstracts away from this level of detail, and describes only the outcomes when the players come together in different combinations aiming at minimizing the cost or maximizing the revenue. The purpose of this paper is to maximize the NPV of PESS under different combination batteries, which is in accordance to the idea of game theory. In [17] , the cooperative game theory was used to solve the problem of the cost of different transportation companies in cooperative transportation and the lowest cost when cooperative transportation. In [18] , cooperative game theory is used to determine the cooperation mode of nodes in the network, providing the best system utility and fairness between users in the context of a cooperative relay network. In [19] , cooperative game theory is used to develop a trading model for renewable energy and conventional energy generation rights. So, the cooperative game theory is suitable to solve the problem of conflict interests.
Through the above analysis, it is feasible to apply AHP and game theory to realize the comprehensive economic evaluation of the PESS. Therefore, the economics of the PESS in the scene of consuming the discarded photovoltaic power is studied in this paper, and the comprehensive evaluation method of the PESS based on game theory and entropy weight-AHP is proposed. Aiming at the minimum amount of the discarded photovoltaic power and the maximum net income of the PESS, a comprehensive model of the amount of discarded photovoltaic power and the net income of the PESS is established, taking Lithium Iron Phosphate Battery (LFP), Vanadium Redox Flow Battery (VRB) and Valve Regulated Lead Acid Battery (VRLA) as an example, and the characteristics of three energy storage batteries are analyzed. The relationships between the net income of the PESS under various types of energy storage batteries and the DODs and the capacity of the energy storage batteries are obtained by the multi-objective optimization using firefly algorithm (FA). When the amount of discarded photovoltaic power is zero, the capacity of the energy storage batteries and the DODs under different energy storage battery combination schemes are determined by the game theory. The overall economics of the PESS is evaluated by the entropy weight and AHP. The effectiveness and correctness of the proposed method are verified by simulation analysis of the actual operation data of an PESS in China.
II. A COMPREHENSIVE MODEL OF THE AMOUNT OF DISCARDED PHOTOVOLTAIC POWER AND THE NET INCOME OF THE PESS A. THE STRUCTURE OF A PESS
Under the scenario of tracking the planning output, the system structure of consuming the discarded photovoltaic power with the energy storage system is shown in Fig. 1 The purpose of tracking the planning output is to meet the scheduling requirements in real time according to the scheduling plan of the power grid. The single photovoltaic system can't meet the total scheduling demands in real time, so the energy storage system is introduced to track the planning output. When the output of the photovoltaic system is excessive, the energy storage system charges; when the scheduling demand is great and the output of the photovoltaic system is obviously insufficient, the energy storage system discharges to meet the real-time scheduling needs of the power grid.
B. RELATIONSHIP BETWEEN THE AMOUNT OF THE DISCARDED PHOTOVOLTAIC POWER AND THE NET INCOME OF THE PESS
The total cost of a PESS is related to the capacity and power of the energy storage system.
1) THE AMOUNT OF THE DISCARDED PHOTOVOLTAIC POWER
The amount of the discarded photovoltaic power is defined as the difference between the PV output power and the actual load, and the calculation formula is as shown in (1) .
where q g (t) is the discarded photovoltaic power at the moment t, kW; P pv (t) is the photovoltaic power at the moment t, kW; L(t) is the load of the PESS at the moment t, kW.
2) COST OF THE PESS
The capacity optimization configuration model of the energy storage system at the PESS is based on the minimum cost of the photovoltaic system and the energy storage system, that is
where C pv1 , C ess1 are respectively the initial investment cost of the photovoltaic system and energy storage system; C pv2 , C ess2 are respectively the operation and maintenance cost of the photovoltaic system and the energy storage system, and each cost is converted to the equivalent annual value, as shown in (3).
where C E is the unit price of the energy storage system ($/kWh); C P is the unit price of the power conversion system (PCS) ($/kW); E b and P b are the rated capacity (kWh) and rated power (kW) of the energy storage system; n is the service life of the photovoltaic system (Year); n b is the service life of the energy storage system (Year); k ess is the annual operation and maintenance coefficient of the energy storage system; r is the discount rate; P is the capacity of the photovoltaic system (kWh); k pv is the operation and maintenance coefficient of the photovoltaic system.
3) INCOME OF THE PESS
The income of the PESS includes the sales revenue of the PESS I 1 , the government subsidies I 2 and the expansion investment of delaying distribution network I 3 , described as (4) .
where P g is the benchmark price of the photovoltaic system; P ex is the installed power of the photovoltaic system; P e is the unit power price of the photovoltaic system.
4) NET INCOME OF THE PESS
Net income of the PESS is the difference between the sales revenue and the cost of the PESS.
5) CONSTRAINTS
The constraints of the model include the following aspects: In order to reduce excessive damage to the battery life of the energy storage system, the battery's power should not be too high or too low, which is reflected by SOC and described as (6) .
where SOC min , SOC max is the upper and lower limits of the SOC.
Charge and discharge power of energy storage system battery P ba (t) is limited by the batteries' rated power and maximum power allowed by energy storage system facilities P f . Then P ba (t) is determined by the minimum of P r and P f , which is described as (7) .
For the batteries of the energy storage system, the amount of charge is equal to the amount of discharge, which is described by the sum of P ba (t) in time series as (8) . 
For the PESS, the grid-connected power is the sum of photovoltaic power generation P pv (t) and P ba (t), which is described as (9) .
C. CASE ANALYSIS Take the actual operation data of a PESS with the installed capacity of the photovoltaic power station of 50MW and three electrochemical energy storage batteries (LFP, VRB, and VRLA) in Beijing of China as an example. The relationship between the amount of the discarded photovoltaic power and the net income of the PESS is studied, and the sampling interval of the electrical load is 1s. The related parameters of the PESS are given in Table 1 and Table 2 . According to the amount of the discarded photovoltaic power and the net income of the PESS established in Section B, the genetic algorithm is used to mine the net income and the amount of discarded energy of the energy storage system under different types of energy storage batteries. In this paper, the degree of support is used for rule extraction. The fitness function is described as (10) .
where s * is the support degree of a new rule formed by genetic operation; s min is the pre-given support threshold. If fit(R) > 0, this rule will be kept into the next generation; if fit(R) < 0, this rule will be eliminated in inheritance [20] . The main parameters of the genetic algorithm are set as follows, population size: 100, evolution algebra: 200. The results are shown in Fig. 2 . It can be seen from Fig. 2 , when the LFP is used as the energy storage system, the net income of the PESS increases with the decrease of the amount of the discarded photovoltaic power; after the amount of the discarded photovoltaic power drops to 0MW, the negative amount of the discarded photovoltaic power indicates that the value is no longer reduced; if the energy storage capacity continues to increase, it will lead to a decrease in the net income of the PESS. When the VRLA is used as the energy storage system, the greater the amount of the discarded photovoltaic power is, the greater the net income of the PESS increases. When the VRB is used as the energy storage system and the amount of the discarded photovoltaic power is greater than 5.4MW, the net income of the PESS will increase with the decrease of the amount of the discarded photovoltaic power; when the amount of the discarded photovoltaic power is less than 5.4MW, the net income of the PESS will decrease with the decrease of the discarded photovoltaic power. When the maximum amount of the discarded photovoltaic power is 14.6MWh, the net income of the PESS is 201.2 Million $ during the operation period. When the amount of the discarded photovoltaic power is 0MW, the net income of the PESS is 210.9 Million $.
The relationship among the net income of the PESS, the DODs and the capacity of the LFP, VRB and VRLA is shown in Fig. 3 .
It can be seen from Fig. 3 that when the VRLA is used as the energy storage system, the net income of the PESS decreases with the increase of the DODs and the capacity of the energy storage system. When the LFP is used as the energy storage system, the net income of the PESS increases with the increase of the DODs, and increases first and then decreases with the increase of the energy storage capacity. When the VRB is used as the energy storage system, the life of the VRB is almost unaffected by the DODs (negligible here), and the net income of the PESS decreases when the energy storage capacity increases.
According to the above analysis, the net income of the PESS composed of different energy storage batteries has different trends with the capacity and DODs of the energy storage system.
III. COMBINATION OPTIMIZATION OF MULTI-TYPE ENERGY STORAGE BATTERIES BASED ON GAME THEORY
Among the above three kinds of electrochemical energy storage batteries, the VRLA has the advantages of low cost and mature technology, but it has a short life span and large environmental pollution; the LFP has the advantages of long life, good safety and environmental friendliness, but the cost is high; the VRB has the advantages of long life and low cost. The above three main battery parameters are compared and summarized in Table 3 .
Based on the advantages and disadvantages of various batteries, the using of multiple types of energy storage batteries to form an energy storage system will enable the batteries to cooperate with each other, complement each other, and play the role of the energy storage system more effectively in the consumption of the discarded photovoltaic power.
Game theory is used to study the conflict between two or more interests. In this paper, a fully cooperative static cooperative game model between two or three batteries is built to find the most economic combination scheme of energy storage batteries and give the optimal capacity configuration. VRLA, VRB and LFP are respectively used as the game participants, and each participant adopts a cooperative game mode of complete information. The specific process is as follows [21] : 1) Game participants: LFP, VRB, and VRLA are used as participants in the game, respectively represented by B LFP , B VRB and B VRLA .
2) Participant strategy: When the above three energy storage batteries are used for the game, the capacity of three energy storage batteries tracking the planning output is respectively recorded as E LFP , E VRB and E VRLA . Among them, variables continue to take values within the allowable range, thus forming a continuous space, noted as P LFP , P VRB and P VRLA . The concrete expression is described as (11) .
where E min i , E max i (i = LFP, VRB,VRLA) represent for the upper and lower limits of the capacity of three energy storage batteries, ranging from 0 MW to 10 GW.
3) Participant's revenue and cost: The initial investment cost and sales revenue that the battery energy storage system participates in the generation side to consume the discarded photovoltaic power are given in (3) and (4). 4) Equilibrium strategy: The three types of energy storage batteries (LFP, VRB and VRLA) are adopted to participate in the generation side for consuming the discarded photovoltaic power. The economics under the cooperative game mode of three energy storage batteries is evaluated.
Taking the alliance of the VRLA and the LFP as an example, the game strategy under the cooperation situation is described as follows:
VRB , E max VRB ] If the above cooperative game model has an economic optimal solution (E * LFP , E * VRB ), it should be satisfied with (12) .
In a n-battery cooperative game, the set formed by the overall allocation optimal scheme is called the core of the game, and is recorded as C(v). The necessary and sufficient conditions for the allocation scheme X = (x 1 , x 2 , . . . , x n ) in the core C(v) are:
Among them, (13) is the overall rationality of the combination, and (14) is the individual rationality of the combination. For the cooperative model, there are n batteries to be selected to participate in the game, N = {1, 2.., n}, N is named an alliance of subset S; x i is the battery to be selected; V is the characteristic of the cooperative game function.
The FA is used to solve the model, and the optimal capacity configuration of the LFP and the VRB under the most benefit is obtained by the cooperative game model. Other energy storage battery combinations are similar.
When the amount of the discarded photovoltaic power is equal to 0, the configured capacity under different energy storage battery combination schemes obtained by the game theory through FA is shown in Table 4 . Among them, E pl , E vr , E la respectively represent for the capacity of three energy storage batteries (LFP, VRB and VRLA). The result obtained by FA meets (13) and (14), and it is in the core C(v). To certify the superiority of FA utilized to solve the developed model and the credibility of the developed model, particle swarm optimization (PSO) is used to be as a comparison. The results of the game theory model obtained by PSO is shown in Table 5 .
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The result obtained by the PSO also meets (13) and (14), and it is also in the core C(v). So, it can be seen from Table 4 and Table 5 that the FA has better optimization effect and the credibility of game theory model. The net income obtained under the LFP/VRB/VRLA combination scheme is the highest (249.5 Million $), in which the capacity of the LFP is 13.4MWh, the capacity of the VRB is 1.5MWh and the capacity of the VRLA is 1.1MWh; the net income obtained under the LFP/VRB combination scheme is the second (225.6 Million $), in which the capacity of the LFP is 13.4MWh, the capacity of the VRB is 2.3MWh; when one of the energy storage batteries is used, the net income obtained by the LFP is the highest (206.4 Million $), the capacity of the LFP is 15.3MWh.
IV. OVERALL ECONOMIC EVALUATION OF THE PESS BASED ON ENTROPY WEIGHT AND AHP METHOD A. OVERALL ECONOMIC EVALUATION INDEXES OF THE PESS
In Section III, only the net income of the PESS under three energy storage batteries is given, but the overall economics of the PESS is not comprehensively evaluated. Four economic evaluation indexes such as dynamic recovery period, energy loss rate, leveling power cost and financial net present value are calculated by (15) , and the comprehensive evaluation of the PESS is realized according to the entropy weight and AHP method.
where net(K ) refers to the net income of the PESS greater than or equal to zero in the K th year, K is the recycling period; c in (k) and c out (k) are the financial inflows and outflows of the kth-year of the PESS (k = 1, 2, . . . , 20); η inv is the inverter efficiency; η c is the charging efficiency of the energy storage batteries; E WE is the unutilized renewable energy, kW·h; η EXC (T) is the loss efficiency of the renewable energy; L COE is the leveling power cost; z is the discount Rate; n is the operating period of the system (n = 1, . . . , n 1 ); n 1 is total operation period of the photovoltaic system; I 0 is the initial investment; V R is the residual value of the system; A n is the operating cost in the nth year; T n is the other cost, $; Y n is the amount of electricity generated in the nth year; NPV is the financial net present value of the PESS during the life cycle; N k is the equal annual value of the net income of the PESS in the kth year.
B. OVERALL ECONOMIC EVALUATION OF THE PESS BASED ON ENTROPY WEIGHT-AHP
The entropy weight method is an objective weighting method, which is used to determine the weight of indexes in any evaluation problem. AHP has practical and effective advantages in dealing with complex decision-making problems. In this paper, the hierarchical analysis structure of the overall economic evaluation of the PESS is shown in Fig. 4 according to the economic evaluation indexes of the PESS and seven kinds of battery energy storage combination scheme obtained by the game theory in Table 4 .
The comprehensive economic evaluation process of the PESS based on the entropy weight-AHP is as follows:
1) Data normalization [22] The four economic evaluation indexes (dynamic recovery period, energy loss rate, leveling power cost and financial net present value) is calculated by (14) according to the capacity of the energy storage system configured by the game theory, denoted as Xij.The above four evaluation indexes are normalized according to (16) .
,
where i represents for the four economic evaluation indexes (i = 1, 2, 3, 4); j represents for the scheme of the energy storage system (j = 1, 2, . . . , 7).
2) Calculate the information entropy of each index [23] The information entropy of each evaluation index respectively represents for dynamic recovery period E 1 , energy loss rate E 2 , leveling power cost E 3 and financial net present value E 4 . The calculation formula is as shown in (17) .
where
3) Determine the weight of each index After calculating the information entropy of each index, the weight W i of each index is calculated by (18) . The judgment matrix of the evaluation index A 1 = a ij m×n is calculated according to the weight of the four indexes, and a ij is calculated by (19) .
where a ij represents for the importance of the ith index relative to the jth index. The matrix A 1 is substituted into (20) to solve the eigenvector corresponding to the maximum eigenvalue λ = max(x), the weight sequence of the index {WA i } 1×4 (i = 1, 2, . . . , 4) is obtained after being normalized.
5) Hierarchical total sorting matrix B The judgment matrix determined under each index is defined as B = {B k } 1×4 .The judgment matrix under different schemes of the energy storage system is defined as B k = b ij r×r (r = 1, 2, . . . , 7), in which b ij is calculated by (21) .
The eigenvalues of B k are respectively calculated and normalized to obtain the final hierarchical total ranking matrix W b = d ij 4×7 and the comprehensive weight under each energy storage scheme W B = c j 1×7 , in which c j is calculated by (22) . The consistency test of c j is used to judge the acceptability of the results.
When c j < 0.1, the total ranking result of the hierarchy is considered to have satisfactory consistency and the analysis result is accepted.
C. SIMULATION EXAMPLE
Taking the actual operation data of a certain PESS in China as an example, the installed capacity of the photovoltaic system is 50MW, the capacity of the energy storage system is respectively configured according to seven kinds of energy storage schemes in Table 4 .
According to the results of seven capacity allocations for energy storage batteries given in Table 4 , the economic evaluation index of the PESS is calculated by (15) . The calculation results are shown in Table 6 .
Calculate the above-mentioned index weight W according to (16) After the consistency test, the consistency ratio CR = 0.043 is less than 0.1, so it is considered that the consistency of the matrix A 1 is acceptable. The hierarchical total ordering matrix B is calculated by (21) and (22) , and the calculation results are shown in Table 7 .
It can be seen from Table 6 and Table 7 that the energy storage scheme combined by the three batteries in the total ranking weights has the largest proportion, and its weight is 0.3357. A consistency test is carried out to obtain the consistency ratio CR = 0.037 < 0.1, so it can be judged that the total ordering result of the hierarchy has satisfactory consistency. In the PV/BESS hybrid power generation system, the energy storage system combined by the configuration scheme of the LFP/VRB/VRLA can ensure that the overall economic efficiency of the PV/BESS hybrid power generation system is optimal, and the net present value is equal to 249.5 Million $.
V. CONCLUSIONS
Aiming at the overall economics of the PESS in the scene of consuming the discarded photovoltaic power, a comprehensive evaluation method of the PESS based on game theory and analytic hierarchy process is proposed. When the amount of the discarded photovoltaic power is zero, the optimal configuration of the energy storage system and the overall economy are studied. The main results are as follows: 1) By studying the relationship between the amount of the discarded photovoltaic power and the net income of the PESS, it can be seen that due to the different types of energy storage batteries, the larger the amount of the discarded photovoltaic power is, the larger or smaller the net income of the PESS is, may increase first and then decrease;
2) According to the game theory, the capacity allocation results of the PESS when the amount of the discarded photovoltaic power is zero are obtained under different energy storage schemes by the FA and PSO, and the net benefit of the PESS is the highest when the LFP, VRB and VRLA are combined as the energy storage system; 3) According to seven kinds of the energy storage schemes obtained by the game theory, four economic indexes such as dynamic recovery period, energy loss rate, leveling power cost and financial net present value are calculated. The entropy weight-analytic hierarchy process is used to determine the total sorting weight of seven energy storage schemes when the discarded photovoltaic power is zero. The overall economics of the PESS under the combination of the LFP, VRB and VRLA is the optimal. The combination of game theory and entropy weight-analytic hierarchy process can get the optimal battery combination and the economic evaluation.
With the combination of multi-type energy storage batteries, the net income of the power station has the largest annual value in the whole life cycle, the benefit of the power station and the microgrid system is the most economical. The research in this paper has certain reference value for the capacity configuration, investment and planning of the PESS. 
